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Abstract

In this paper, the computational problem of inverse kinematics of arm prehension movements was investigated. How motions of
each joint involved in arm movements can be used to control the end-effector (hand) position and orientation was first examined. It is
shown that the inverse kinematics problem due to the kinematic redundancy in joint space is ill-posed only at the control of hand
orientation but not at the control of hand position. Based upon this analysis, a previously proposed inverse kinematics algorithm
(Wang et Verriest, 1998a) to predict arm reach postures was extended to a seven-DOF arm model to predict arm prehension postures
using a separate control of hand position and orientation. The algorithm can be either in rule-based form or by optimization through
appropriate choice of weight coefficients. Compared to the algebraic inverse kinematics algorithm, the proposed algorithm can handle
the non-linearity of joint limits in a straightforward way. In addition, no matrix inverse calculation is needed, thus avoiding the
stability and convergence problems often occurring near a singularity of the Jacobian. Since an end-effector motion-oriented method
is used to describe joint movements, observed behaviors of arm movements can be easily implemented in the algorithm. The proposed
algorithm provides a general frame for arm postural control and can be used as an efficient postural manipulation tool for
computer-aided ergonomic evaluation. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

One of the main industrial applications of virtual hu-
man modeling and animation is to make an ergonomic
evaluation of the man—-machine interface of a product in
a computer-aided design (CAD) environment at a very
early stage of design (see review by Porter et al., 1993).
For this, it is necessary to simulate human postures and
movements under different task and environmental con-
ditions. One of the problems encountered is so-called
inverse kinematics. Usually, a task is specified in world
space, but postures are defined by a set of joint angles.
One natural question is how the constraints defined in
a world space are transformed into a body joint space.
However, the problem is ill-posed because the number of
degrees of freedom (DOF) of the human body is generally
greater than the number of equations imposed by the
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task. This means that there exists more than one possible
solution for a task.

Much research has been done for the understanding of
how humans control complex movements in human be-
havioral sciences and for the need of simulations in
computer animation and robotics. It is well accepted that
a solution to the ill-posed problems for the control of
movements such as inverse kinematics is to find, in addi-
tion to biophysical and anatomical constraints, some
other constraints to reduce the number of degrees of
freedom to be controlled (Gielen et al., 1995). However,
most solutions to these ill-posed problems proposed in
human behavioral sciences remain conceptual (see for
example Rosenbaum et al., 1995; Soechting et al., 1995)
and cannot easily be implemented as a computer simu-
lation algorithm. Meanwhile, it is difficult to inte-
grate observed behaviors of the control of human
movements in the methods proposed in robotics and
computer animation of human figures (see Wang and
Verriest, 1998a for a review). In addition, joint limits
in most proposed inverse kinematics algorithms are
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simplified as linear inequalities, even for the shoulder
joint.

Recently, Wang and Verriest (1998a) proposed a geo-
metric method (as opposed to the algebraic method for
pseudoinverses) for a four-DOF arm model to predict
arm reaching postures. It was shown that the algorithm
gives very natural-looking predictions in a large arm-
reachable space. The objective of the present paper is to
extend the algorithm to a seven-DOF arm model to
predict arm prehension postures. Recent observations of
the coordination of the proximal and distal joints involved
in arm prehension movements (Wang, 1999) will be used
to elaborate the rules and to validate the algorithm.

2. Method

The kinematic linkage of the human arm is supposed
to be composed of the upper arm, lower arm and hand
links connected by the shoulder, elbow and wrist joints.
No translation is allowed at each joint. The shoulder is
simplified into a ball and socket three-DOF joint, the
elbow a two-DOF joint with flexion—extension a.; and
pronation-supination a., axes, and the wrist a two-
DOF universal joint with flexion—extension a,; and
adduction—abduction a,, axes. Consequently, the kin-
ematic arm model studied in this work has seven DOF.
Since the maximum number of the imposed independent
parameters on the hand is six, the arm is kinematically
redundant with respect to any hand task. For a complete
determination of the arm posture from a given hand
position and orientation, it needs at least one supple-
mentary relation.

In order to better understand the nature of arm kin-
ematic redundancy, we first examine how motions of
each joint involved in arm movements can be used to
control the hand position and orientation.

2.1. Hand position control

Ifr,, and r, represent wrist and elbow position vectors,
then the wrist velocity I, can be decomposed into two
component vectors Iy, and F,., respectively, from the
instantaneous rotations of the shoulder and elbow joints
(Fig. 1)

l..W = l.‘ws + l'.we = asés XTIy + aeféef X (rw - re)> (1)

where a0, and a0, are shoulder and elbow angular
velocities with a, and a.; being the instantaneous rotation
axis of the shoulder and the elbow flexion—extension axis.
Since the forearm pronation—supination axis is supposed
to be the longitudinal axis of the forearm, the wrist
movement due to the elbow rotation . is only contrib-
uted by elbow flexion—extension around its axis a.. As
the wrist movement due to shoulder rotation ¥, must be
within the wrist movement plane, formed by i, and

half plane 1
alf planel 5
S

/ /‘ .
Ie Ao
Torso
E = |\ rw
I'w - It
W { i‘ws
i'we - 'i'w = i’we + rws

Fig. 1. Indeterminacy of arm pivoting about axis shoulder—wrist only
from wrist motion. The shoulder, elbow and wrist joints are represented
by S, E and W. The hand (wrist) velocity f,, can be decomposed into two
component vectors, one I, contributed by the shoulder rotation and
the another ¥,, by the elbow. Knowing the elbow rotation
flexion—extension axis a.; and hand velocity f,,, the motions around the
shoulder normal axis ag, and the elbow axis a.; are completely speci-
fied. Only the shoulder pivoting motion (self-motion) around the axis
shoulder-wrist ay, cannot be uniquely determined from a given hand
velocity F,.

Iy (the direction of i, can be determined by the cross
product of a, and the forearm link r,, — r.), and must
also be perpendicular to r,, it can be easily shown (Wang
and Verriest, 1998a) that both f,, and f,. are entirely
determined from Eq. (1) for a given wrist velocity f,,.
Accordingly, the elbow flexion—extension 0, can be cal-
culated from ... However, the shoulder rotation 0, can-
not be uniquely determined from F,, since all lines pas-
sing through the shoulder joint S in a half-plane with its
normal direction being i, could be the shoulder instan-
taneous axis of rotation a,. If the shoulder angular velo-
city is decomposed along the axis shoulder—wrist a,, and
the axis ag, perpendicular to a,,, in this half plane, only
the shoulder angular velocity along ay,, which is the
shoulder minimum angular velocity for a given f,,, can
be determined from 7,,. It is not possible to calculate the
shoulder pivoting angle 0.,,. In fact, the shoulder pivoting
axis passes through the wrist joint W, and the motion
about this axis does not affect hand position and changes
only hand orientation. Therefore, the shoulder motion
0., about a, and the elbow flexion—extension 0,;, which
are responsible for the change of hand position, can be
entirely determined from the wrist velocity i, (see Wang
and Verriest, 1998a for details).

2.2. Hand orientation control

Apart from shoulder pivoting, the rotations about

the axes of forearm pronation-supination a.,, wrist
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flexion—extension a,,; and wrist abduction—adduction a,,,
do not change wrist (hand) position, but change only
hand orientation. For a variation of hand orientation nf,
we have

aeféef = aswésw + aepéep + aw[éwf + awaéwaa
2

where ésw,éep,éwf and 0., are angular velocities about the
axes agy, Acp, Ay¢ and a,,. Note that relation (2) has three
equations for four unknowns. This is to say that the
inverse kinematics problem due to the kinematic redund-
ancy in joint space is ill-posed only at the control of hand
orientation. Therefore, the computational problem of
inverse kinematics can be simplified if the control of hand
position and orientation is separated.

nl — a,0,, —

2.3. Inverse kinematics of arm prehension movements

The inverse kinematics problem treated here is posed
as follows: knowing the starting arm posture, the final
hand position and orientation with respect to the object
to be grasped, how can we calculate the final arm posture
under the constraint of joint limits. The aim of the algo-
rithm is to predict the elbow position, as only the elbow
position is not restrained by the imposed geometric
constraints. As shown before, Eq. (1) allows the deter-
mination of the shoulder minimal motion 6., about a,,
and the elbow flexion—extension 0, for a given wrist
velocity I, (see Wang and Verriest, 1998a), and only the
problem of hand orientation control is ill-posed. Since
movements must be made within joint limits, joint limits
are a very important constraint to be taken into account
in inverse kinematics algorithms. In the appendix,
a quantitative description of the range of motion for the
shoulder, elbow and wrist joints is provided. Fig. 2 shows
the excursion cones of the shoulder and elbow joints in
a global torso-fixed coordinate system. Except for some
extreme positions, joint limits do not generally allow
a unique posture. In order to find a solution to Eq. (2),
some heuristic behavioral rules will be elaborated from
observations of real arm movements.

Recently, the influence of object orientations and joint
limits on the control of arm prehension movements was
experimentally investigated by Wang (1999). It was ob-
served that forearm pronation is preferred to orient the
hand compared to arm pivoting and that wrist angles are
small and near the wrist neutral position after grasping
(see also van der Vaart, 1995). These observations can be
well explained by the principle of minimum work and
minimum discomfort. On the one hand, the moment of
inertia about the arm pivoting axis shoulder—wrist is
much higher than that about the forearm pronation axis,
thus leading a high cost in terms of work if arm pivoting
mechanism is preferred to orient the hand (see also
Soechting et al., 1995 for arm pointing movements).

Fig. 2. Joint limits. The figure shows the excursion cones of the shoul-
der and elbow joints in a global torso-fixed coordinate system centered
at the shoulder S, with X, Y, and Z, being defined, respectively, aligned
to the medial-lateral (M-L), posterior-anterior (P-A) and in-
ferior—superior (I-S) anatomical directions. The upper arm link must be
inside the shoulder excursion cone and its axial rotation angle must be
within its maximum internal and external rotation limits. The same is
true for the forearm link if forearm movements are observed from
a hand-fixed coordinate system: the forearm must stay inside the wrist
excursion cone and the forearm pronation-supination angle must be
within its allowable values. From joint limits, two extreme arm postures
can be determined for a given hand position and orientation. They are
represented in solid line and the middle posture is represented in dotted
line. Excursion cones of the shoulder and wrist joints are also shown in
the figure.

On the other hand, a certain amount of arm pivoting
allows the wrist to reduce its rotation angles, thus in-
creasing the sensation of comfort (Wang, 1999; Cruse
et al., 1990). Therefore, arm movements could result from
a compromise between minimum work and minimum
discomfort. The following assumptions are made explicit-
ly based on the observed behaviors of arm prehension
movements:

e At the beginning of the movement, the semi-pronated
forearm and neutral wrist angles are imposed to assume
an initial comfort position of forearm and wrist.

* When the hand is far from the object, only forearm
pronation and shoulder pivoting are used to control
hand orientation. Wrist movements, mainly through
wrist flexion, are used to accompany the hand opening.
e When the hand is in the vicinity of the object, wrist
motion and forearm pronation are used to assume the
final control of hand orientation. The shoulder pivoting
is only used to avoid joint limits.

The above assumptions can be integrated either in
a rule-based algorithm or in an optimization-based algo-
rithm. We assume that the final hand (wrist) position is
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within arm-reachable space and the final hand orienta-
tion allows a solution within joint limits.

2.3.1. Rule-based algorithm
The main points of the proposed geometric algorithm
in a rule-based form are illustrated as follows:

1. Take initial arm posture and final hand position and
orientation as input parameters.

2. First impose an initial forearm and wrist comfort
position (semi-pronated forearm and neutral wrist
angles); then update the hand orientation.

3. Calculate the hand position error vector D, compar-
ing current wrist position r,, with final desired wrist
position r;:D, =}, — r,, = n,E,,. If the hand position
error E, is beyond the tolerance limit, then impose
a small hand position step Ar,, = n,A,, calculate the
shoulder minimal angular motion Af,, and the elbow
flexion—extension A0, from equation (1) (see Wang
and Verriest, 1998a) and update the elbow position
and hand orientation.

4. Calculate the orientation error vector D, comparing
current hand orientation H with final desired orienta-
tion Hg: D, = n, E,, where n, and E, are the screw axis
and angle from rotation matrix R = H{H", and H"
is the transposed matrix of H. If the hand orienta-
tion error E, is beyond the tolerance limit, a small
hand orientation step n,A, is imposed to reduce the
error:

» when the hand is far from the object (E, > 50 mm for
example), only forearm pronation a., A, and shoulder
pivoting a,,Af,, are used to control hand orientation
with A0, = (n,A,)a,, and Al = (n,A,) a,,; update the
elbow position and hand orientation.

e when the hand is in the vicinity of the object, only wrist
flexion—extension and wrist abduction—adduction to-
gether with forearm pronation are used to assume the
final control of hand orientation, whereas shoulder
pivoting is supposed to not be applied; update the hand
orientation H = R(n,, A))H, where R(n,,A,) is the rota-
tion matrix corresponding to a rotation of A, around
the axis n,.

5. Check whether the upper arm is inside the shoulder
excursion cone and whether the upper arm axial rota-
tion angle is within its allowable range. If the shoulder
joint limit is violated, apply a shoulder pivoting ay, A0,
to bring the shoulder joint motion within its limits. In
the same manner, if the wrist joint and forearm prona-
tion—supination limits are violated, apply a shoulder
pivoting a,, A0y, to bring the wrist or forearm motion
within their limits Update the elbow position.

6. Repeat 3,4, and 5 until the hand position error E, and
orientation error E, are within their chosen tolerance
limits.

The arm pivoting mechanism is used here to avoid
joint limits as in the case of an arm pointing task. The

details of the algorithm for testing and avoidance of
shoulder joint limits have been already explained in our
previous paper (Wang and Verriest, 1998a), and shall not
be repeated here. It is interesting to note, as stated by
Korein (1985), that the sequence of motion types of the
simplified kinematic arm linkage is symmetrical forwards
and backwards from the proximal to distal ends: shoul-
der spherical motion, upper arm (humerus) axial rota-
tion, elbow flexion—extension, forearm axial rotation
(pronation—supination), wrist spherical motion. Taking
advantage of this symmetry property, the same algorithm
used for the shoulder joint can be applied for testing and
avoidance of forearm pronation—supination and wrist
joint limit violation. It is only necessary to express the
wrist sinus and the elbow position in the hand-fixed
coordinate system, and to treat the wrist joint like the
shoulder (see also Korein, 1985).

2.3.2. Optimization-based algorithm
We suppose that a solution to Eq. 2 is obtained by
minimizing the following cost function:

f= kswészw + kepégp + kwfé\%vf + kwaé\%vaa (3)

where Ky, kep, kye and k,,, are weight coeflicients. Since
the wrist joint is simplified as a 2-DOF universal
joint, the forearm-fixed orthogonal coordinate system
can be used as the axes of rotation for forearm prona-
tion-supination a.,, wrist flexion-extension a,; and
adduction—abduction a,,. Substituting the left-side of
Eq. (2) by n,0, and multiplying (2), respectively, by a,,
a,r and a,,, the following can be obtained

gep = Honep - staeps wa = Honwf - stawf

and Hwa = eonwa - eswawa’
where ngp,, Nyr, Nya, Qeps Gwr, Awa are the projections of
n, and ag, on the three mutually perpendicular axes a.,,

a,r and a,,,. Through minimizing the function f in (3), the
shoulder pivoting velocity 0, can be easily obtained

9‘ _ kepnepaep + kwfnwfawf + kwanwaawae' (4)
™ ksw + kepagp + kwfa\?vf + kwaa\%va ”

Different control strategies can be elaborated through an
appropriate choice of weight coefficients. If forearm
pronation—supination is preferred to control hand ori-
entation compared to shoulder pivoting, a higher coeffic-
ient associated with shoulder pivoting kg, than the coef-
ficient of forearm pronation-supination k., should be
chosen. Since relatively small wrist motion was observed,
two coeflicients related to wrist motion should be more
weighted than that of shoulder pivoting. As the motion
range of wrist abduction—adduction is much smaller than
that of wrist flexion—extension, a relatively high coeffic-
ient associated with wrist abduction—adduction should
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be chosen to limit its movement. In the present work, the
following weight coeflicients are chosen by trial and error
based on the experimental results in Wang (1998a):
kep =1, kg = 1.5, kye = 2 and k,,, = 3. Compared to the
rule-based algorithm, only step 4 needs to be changed for
the optimization-based algorithm.

Since the proposed algorithm is based on the analysis
of joint instantaneous velocities, finite small steps A, and
A, for wrist position and hand orientation should be
used. To reduce calculation time, A, and A, could be
variable, large at the beginning and small at the end
approach. In the present work, the constant incremental
steps for the control of hand position and orientation are
used in the algorithm. They are chosen as A, = 40 mm
and A, = 5°, respectively. When arm pivoting along the
axis shoulder-wrist is needed to avoid shoulder or wrist
joint limits, a small pivoting angle A6, =1° or
Afb,,, = — 1° is imposed at step 5.

3. Experimental validation

In order to test and to validate the algorithm, the arm
prehension postures measured in Wang (1999) are com-
pared here with the predicted postures. Ten male subjects
aged from 22-48 participated in the experiment. Each
subject was instructed to grasp naturally a cylinder
located at the shoulder level at a distance of about 50%
of the length of the upper limb. Five different orientations
in a fronto-parallel plane were tested: 0, 45, 90, 135, 180.
The orientations 0 and 180 corresponded to a vertical
cylinder with the thumb directed upwards and down-

Table 1
Distances between calculated and measured elbow positions (mm)
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wards, respectively, after grasping. The movements were
measured using a VICON motion analysis system with
four cameras at 50 Hz.

From the experimental data, starting arm posture and
final hand position and orientation being taken as input
parameters, the inverse kinematics algorithm is used to
predict the corresponding final elbow position. Table 1
shows the distances between measured elbow positions
and those predicted using the rule-based and optimiza-
tion methods for all object orientations. One can see that
the predictions by the rule-based and optimization
methods are very similar. Except for one subject (subject
6) for whom the distances between predicted and mea-
sured elbow positions are systematically high, the error
does not in general exceed 50 mm for either method,
which can be considered acceptable for the computer-
aided ergonomic application.

The middle elbow position between the two extreme
positions restricted by joint limits is also compared with
measured elbow positions in Table 1. It is interesting to
note that the middle elbow position also gives a good
prediction comparable to but higher than that of the
proposed geometric algorithm in terms of absolute error.
The middle elbow positions are systematically over-esti-
mated (more elevated) for the object orientations 0, 45,
90, 135 (except for subject 5 at the orientation 45). This
can be explained by the fact that only the constraint of
joint limits is considered in the calculation of middle
elbow positions and the principle of minimum work is
not taken into account. More shoulder pivoting is used
to orient the hand for the method of middle elbow
position.

Orientation Rules-based algorithm Optimization algorithm Middle elbow position
0° 45° 90° 135° 180° 0° 45° 90° 135° 180° 0° 45° 90°  135° 180°

Subject 1 —-53 —42 —-31 —48 — 50 -39 —-35 =25 —-33 —-36 16 19 42 35 -31
Subject 2 17 21 =23 —-32 —36 19 19 23 —-29 -—-32 62 53 48 40 —16
Subject 3 —40 —34 —-38 —44 —-52 —-35 =35 38 37 =35 31 32 58 42 — 36
Subject 4 -27 -1 =24 =29 -21 -20 -1 =20 -—-28 =21 13 35 41 24 —13
Subject 5 -21 =36 -21 =31 21 5 =33 —16 27 21 10 —38 38 29 21
Subject 6 44 56 49 —61 —116 98 88 52 —41 —067 54 65 94 43 —49
Subject 7 —24 28 35 =35 34 —-25 =27 37 36 —36 24 27 67 81 45
Subject 8 -21 31 43 -39 — 50 38 38 43 35 —43 30 45 83 58 57
Subject 9 —33 —33 —33 —48 — 46 —-31 —-34 —-33 —43 —47 53 33 42 39 —35
Subject 10 -1 —-10 -17 =22 - 20 -15 —-12 —-18 =22 =20 68 62 62 37 23
Mean —-17 -3 -6 =39 —34 0 —4 8 -6 =24 36 33 58 43 -3
Std 28 35 34 12 42 43 41 33 35 31 21 29 19 16 37
Mean* 30 30 31 39 45 32 33 30 33 36 36 41 58 43 32
Std* 13 14 10 12 28 26 22 12 7 14 21 15 19 16 15

*Calculated from absolute values.

Three different methods are compared: rules-based algorithm, optimization method and middle elbow position with respect to two extreme positions
limited by joint limits. The positive sign corresponds to the situation where a rotation about the shoulder—wrist axis is needed to make a predicted

elbow position coincide with the corresponding measured position.
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4. Some examples

As the heuristic rules used in the proposed algorithm
are directly based on the observations from the experi-
ment, it is not surprising to see that the predictions match
quite well with the measured arm postures. It would be
interesting to see how the algorithm works under other
conditions. Since the object to be grasped was mainly
located in the saggital plane crossing the shoulder in the
experiment, some arm postures for other hand locations
are simulated from different initial arm postures. As the
rule-based and optimization methods give similar predic-
tions, only the optimization method is used hereafter for
examples. Fig. 3 shows simulated arm postures from two
different initial positions (one being rest position and the
other with arm directed laterally) for the same final hand
position and orientation. It can be seen that two different
final arm postures are obtained. This means that
the algorithm is dependent of starting postures. In
fact, the present inverse kinematics algorithm is a varia-
tion of the generalized pseudoinverse method (Wang

iy
T

Ed E2
Fig. 3. Comparison of the simulated arm postures from two different

initial positions (one being rest position and the other with arm directed
laterally) for the same final hand position and orientation.

and Verriest, 1998a) and has the property of end-effec-
tor trajectory dependence (Klein and Huang, 1983).
Soechting et al. (1995) and Gielen et al. (1997) observed
experimentally that starting postures have an influence
on the final posture for a pointing task. It would be
interesting to see experimentally to what extent the final
posture is dependent of starting postures for a grasping
task.

Since the inverse kinematics problem is resolved at the
velocity level in the proposed algorithm, the final arm
posture is obtained by reducing the gap between current
and final hand position and orientation. A straight hand
path in position and orientation is implicitly imposed.
However, if the hand path is known as in the case of
manipulating certain command controls (e.g. steering
wheel, gear lever), the present algorithm is particularly
useful in predicting the corresponding arm movement.
Fig. 4 shows the succession of postures (movement)
for a task of rotating steering wheel. Here initial
hand position and orientation on the steering wheel
are imposed and no relative motion between the hand

Fig. 4. Simulation of a succession of postures (movement) for a task of
rotating steering wheel. Here initial hand position and orientation on
the steering wheel are imposed and no relative motion between the
hand and the steering wheel is supposed.
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and the steering wheel is supposed. One can see that
the algorithm predicts a reasonably natural-looking
movement.

5. Discussion

In this paper, the previously proposed inverse kin-
ematics algorithm was extended to a seven-DOF arm
model to predict arm prehension postures, for which it
needs the specification of both hand position and hand
orientation. The algorithm can be either in rule-based
form or by optimization through appropriate choice of
weight coefficients. Compared to the algebraic generaliz-
ed inverse kinematics algorithm, the present geometric
algorithm can handle the non-linearity of joint limits in
a straightforward way. In addition, no matrix inverse
calculation is needed, thus avoiding the stability and
convergence problems which often occur near a singular-
ity of the Jacobian. Since an end-effector motion-oriented
method is used to describe joint movements, observed
behaviors of arm movements can be easily implemented
in the proposed algorithm.

It should be noted that the rules used in the algorithm
to solve the redundancy problem posed at the control of
hand orientation (Eq. (2)) are mainly based on the experi-
mental results by Wang (1999). Remember that the sub-
jects were simply asked to grasp a cylinder for that
experiment. The rules may not be appropriate to describe
arm movements for other tasks, for instance, a task of
grasping and rotating an object with force. Van der Vaart
(1995) observed from arm movements in operating rotary
controls that arm postures may also depend on the
rotation magnitude to be carried out: different arm
postures may be adopted to rotate the same rotary con-
trol from the same initial arm posture if different
amounts of rotation are imposed. Soechting et al. (1995)
reported that starting postures have an influence on final
postures for a pointing task. Although the present algo-
rithm predicts different postures from different initial
arm positions for the same final hand position and ori-
entation, it remains to be verified whether predictions
match experiments. Knowing that the control of postures
and movements is a very complex problem due to the
redundancy of the human musculoskeletal system,
the aim of the inverse kinematics algorithm is not to
predict exact postures but to provide a general frame
for arm postural manipulation allowing less manual
intervention.

As conclusions, the present algorithm provides a
general frame for the postural control of the arm,
in which non-linear joint limits can be handled easily
and heuristic behavioral rules can be integrated in
a straightforward way. It can be used as an efficient
postural manipulation tool for computer-aided ergo-
nomic evaluation.

Appendix A. Three-dimensional range of motion of the
joints involved in arm movements

A.1. Shoulder joint

The shoulder joint sinus, also called shoulder excur-
sion cone (Dempster, 1965), was quantified by Engin and
Chen (1986) based on a statistical in vivo database from
a male adult population. Recently, Wang et al. (1998)
extended their work and quantified the upper arm axial
motion range for the same population. Therefore, the
three-dimensional maximum range of motion of the
shoulder joint has been completely modeled.

A.2. Elbow joint

The range of motion of elbow joint flexion—extension
and forearm pronation—supination is supposed to be
independent of the shoulder and wrist angles, and is
characterized by an inequality 0;,; < 0 < 0,,,. Different
values were reported in the literature especially for the
range of motion of forearm pronation—supination (van
der Vaart, 1995). Since the shoulder joint limit database
is based on a population of male adults, following values
are taken here: the elbow has a maximal value of 0° for
extension and a maximal value of 142° for flexion, and
the forearm has a maximal value of 90° for supination
and a maximal value of 80° for pronation.

A.3. Wrist joint

As far as the range of motion of the wrist joint is
concerned, the wrist joint sinus (excursion cone) was
recently quantified for a male adult population (9 healthy
subjects aged from 23 to 43, see Wang, 1998). An ellipse
was found appropriate to fit maximum wrist
flexion—extension angles 6™ in terms of maximum wrist
abduction-adduction angles 0%™:

[(67™ — xo)cos o + (O4™ — yo)sino]?

(12

[ — (0™ — xo)sin o0 + (0™ — yo)cos a]®
b? B

+ 1

where a, b, a, X, yo are the five parameters of ellipse with
following values (all in degrees),

A B o Xo Vo
62.5 24.2 99.7 5.6 — 8.8

The wrist may rotate on average from — 70 to 60°
in flexion—extension and from — 20 to 30° in abduc-
tion—adduction. Fig. 2 shows the excursion cones of the
shoulder and wrist joints in a torso-fixed coordinate
system.
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